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ABSTRACT

Monogenic diabetes, including mitochondrial diabetes, constitutes 1% to 3% of all diabetes. Although there is an increased interest in
understanding the mechanisms of bone fragility in people with diabetes, skeletal research is mostly focused on type 1 and type 2 dia-
betes. Little is known on skeletal health among people with mitochondrial diabetes. In this single-center study, we presented clinical
characteristics of individuals with mitochondrial diabetes and clinical diagnosis of osteoporosis. Of 10 patients with mitochondrial
diabetes, 4 (40%) had a clinical diagnosis of osteoporosis. Patients with osteoporosis were older, had lower body mass index, longer
diabetes duration, lower fasting C-peptide, and presence of multiple comorbidities compared with patients without osteoporosis. In
addition to our cases, we also systematically reviewed literature on skeletal health in people with mitochondrial diabetes and pro-
vided an overview of potential factors affecting skeletal health and future clinical and research directions to improve the care of peo-
ple with mitochondrial disease. © 2023 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American Society for

Bone and Mineral Research.
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Introduction

keletal health is adversely affected in the presence of diabe-
tes. Fracture risk increases 4- to 6-fold among people with
type 1 diabetes (T1D) and 1.5- to 2-fold among type 2 diabetes
(T2D) compared with people without diabetes.” Hyperglycemia,
accumulation of advanced glycation end products (AGEs), and
microvascular impairment are among a few factors implicated
in the pathophysiology of bone fragility in T1D and T2D.%
Skeletal health is mostly studied in people with T1D and T2D,
but little is known about skeletal health in other forms of diabe-
tes, such as monogenic diabetes, which accounts for 1% to 3% of
all diabetes.®) Primary mitochondrial diseases are defined as dis-
orders affecting the structure or function of the mitochondria
because of either nuclear DNA or mitochondrial DNA muta-
tions.”) Diabetes is a common feature of many primary mito-
chondrial diseases.”® It is estimated that about 1% of T1D or
T2D are mitochondrial diabetes but are unfortunately misclassi-
fied. The most common etiology of mitochondrial diabetes is
the m.3243A > G pathogenic variant in the gene encoding the

transfer RNA mt-tRNAYUUR ) Clinjcal presentations of the
mitochondrial diseases are variable due to heteroplasmy; that
is, there are variable numbers of mutated versus normal mito-
chondria within the organ.® Besides diabetes, primary mito-
chondrial disorders also affect the musculoskeletal system and
present with myopathy, scoliosis, and contractures, which pre-
dispose to fractures and poor bone health.””

In this case series, we aim to investigate (i) the prevalence of
osteoporosis among people diagnosed with mitochondrial dia-
betes, and (ii) evaluate factors responsible for osteoporosis. We
also reviewed literature on skeletal health among people with
mitochondrial diabetes, which is summarized in this article.

Methods

In this single-center, cross-sectional study, we systematically
searched electronic medical records (EMR) to identify people
with mitochondrial diabetes. Barbara Davis Center for Diabetes
(BDQ) is a clinical and research center that cares for an average
of 1900 adults with diabetes (>95% T1D). The BDC caters to
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Table 1. Characteristics of Patients With Mitochondrial Diabetes and Osteoporosis

Patient 1 Patient 2 Patient 3 Patient 4

Age (years)/sex 49/female 38/male 26/female 44/female

Race Asian Asian Indian White -

Ethnicity Non-Hispanic Non-Hispanic Hispanic -

Height/weight 149.8/35.8 - 144.8/35.8 154.9/44.8
(cm/kg)

BMI (kg/m?) 16 - 17.1 18.4

Duration of 29 10 1 12
diabetes (years)

Age at 45 38 17 40
mitochondrial
disease diagnosis
(years)

HbA1c (%)° 6.7 1.5 7.9 7.1

Fasting C-peptide 0.63 037 0.41 1.5
(ng/mL)

Mitochondrial DNA m.3243A > G m.3243A > G Large deletion of m.3243A > G
variant (91.3% in blood) mitochondrial DNA (46% in buccal
(heteroplasmy if mucosa)
available)

Sensorineural Yes Yes Yes Yes
hearing loss

Other comorbidities Stroke, renal Hypertrophic Sick sinus syndrome, external Severe

transplant, cardiomyopathy, ophthalmoplegia, muscle endometriosis,
muscle pain, hypertension, chronic weakness, cerebellar ataxia, migraines
hypothyroidism kidney disease, fracture dysarthria
DXA
Left femoral neck 0.576 0.426 (gm/cm?3)? 0.645 -
BMD (g/cm?)

Z-score -2 -3 -1.8

T-score —-33 —3.32

Total hip BMD 0.629 0.609 (gm/cm3)a 0.674 -
(9/cm?)

Z-score -1.9 —2.53 —-22

T-score —-33 —2.69

Total lumbar 1.084 1.531 (gm/cm®)® 0.825 -
spine BMD
(g/cm?)

Z-score 03 —0.52 -2

T-score -0.9 —0.88

Note: — denotes missing data in the EMR.
Abbreviations: BMD = bone mineral density; BMI = body mass index; DXA = dual-energy X-ray absorptiometry; HbA1c = glycated hemoglobin.
?Data based on quantitative CT scan of lumbar spine and hip.
PHbA1c at the time of data collection.

patients mostly from Colorado. This study was approved by Col-
orado Multiple Institutional Review under the exempt category.

Medical charts of identified patients with mitochondrial dia-
betes were manually reviewed for accuracy of diagnosis and
the following information was collected: age, sex, duration of
diagnosis, clinical presentation, complications and comorbidities
related to diabetes and mitochondrial disease, glycated hemo-
globin (HbA1c), anthropometric measures, and skeletal-related
outcomes such as any fractures, diagnosis of osteoporosis, and
dual-energy X-ray absorptiometry (DXA) bone density if avail-
able. Clinical osteoporosis was defined based on physician’s note
in the EMR or International Classification of Diseases (ICD) codes
indicative of osteoporosis or DXA bone mineral density (BMD).
We also included a case of mitochondrial diabetes that was

diagnosed and managed by one of the authors in India, who
consulted with the BDC.

We searched PubMed on June 7, 2023, to identify literature on
mitochondrial diabetes and skeletal health. First, we used terms
“mitochondrial diabetes (tiab) AND fracture (tiab)” and did not
find any articles. Then, we searched literature using the search
term ([Mitochondrial diabetes OR MIDD OR maternally inherited
diabetes] AND [fracture OR bone density OR Body composition
OR DEXA or DXA]). Only human studies and published literature
in English were included. Our initial search yielded 255 research
publications. We also searched the Mitochondrial Medicine
Society (http://www.mitosoc.org/) for their guidelines on man-
agement of mitochondrial disorders, and references of the
guidelines were reviewed. Articles that reported fracture or bone
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Table 2. Characteristics of Patients With Mitochondrial Diabetes

by Osteoporosis

Mitochondrial
diabetes with
osteoporosis

Mitochondrial
diabetes without

(n=4)? osteoporosis (n = 6)%

Female/male, n 31 6/0

Age (years), 41 (29-47.8) 30 (22-47)
median (IQR)

BMI (kg/m?), 17.1 (16-18.4)° 242 (22.5-27.5)
median (IQR)

Diabetes 11 (3.3-24.8) 7.5(3.3-11.5)
duration
(years),
median (IQR)

HbA1c (%), 83 +22 7.7 £18
mean + SD

Fasting 0.52 (0.38-1.28) 2.0 (0.4-2.5)°
C-peptide
(ng/mL),
median (IQR)

% with 100% 33%
sensorineural
hearing loss

% with 50% 17%
abnormal

renal function

Note: Osteoporosis diagnosis was based on physician’s note in the EMR
or ICD codes indicative of osteoporosis or DXA BMD.

Abbreviations: BMD = bone mineral density; BMI = body mass index;
DXA = dual-energy X-ray absorptiometry; HbA1c = glycated hemoglo-
bin; IQR = interquartile range.

*The differences in clinical characteristics were statistically
nonsignificant.

PBMI was missing for one patient.

Fasting C-peptide levels were missing for three patients without
osteoporosis.

density or bone structural properties were included in this
review.

Results

After the clinic EMR search and manual chart review, we identi-
fied nine people with genetically confirmed mitochondrial dia-
betes and one person with Wolfram syndrome. Though
Wolfram syndrome is not typically considered a primary mito-
chondrial disease, we included this case as it is caused by a
defect in calcium influx within the mitochondria leading to mito-
chondrial dysfunction."”’

Of the 10 adult patients with mitochondrial diabetes, nine
were female, the median (interquartile range [IQR]) age was
37.5 (23.75-41) years, and body mass index (BMI) was 22.9
(18.4-25.2) kg/m>. Nine patients were treated with insulin ther-
apy, and one patient was receiving injectable once-a-week
glucagon-like peptide-1 receptor agonist (GLP-1RA) therapy.
The median (IQR) of HbA1c was 7.9 (6.7-8.5)%. Four patients
had the m.3243A > G pathogenic variant, three had the
m.8363G > A pathogenic variant, one had the m.14709 T > C
pathogenic variant, and one had a large deletion of

mitochondrial DNA that resulted in Kearns Sayre Syndrome
(KSS). Six patients had sensorineural hearing loss, five had mus-
cle pain or weakness, three had migraines, two had abnormal
renal function, two had hypothyroidism, two had external
ophthalmoplegia, and two had cerebellar ataxia.

Of the 10 patients with mitochondrial diabetes, four patients
had a clinical diagnosis of osteoporosis based on DXA BMD
and/or history of fragility fractures (40%) and were receiving
treatment for osteoporosis. Bisphosphonate was used in two
patients, and an anabolic agent was used in another
two patients. Characteristics of individuals with mitochondrial
diabetes and osteoporosis are summarized in Table 1.

Comparison of clinical characteristics of patients with clinical
diagnosis of osteoporosis (n = 4) versus those without osteopo-
rosis (n = 6) is presented in Table 2. Patients with osteoporosis
were older, had a lower BMI, longer duration of diabetes, lower
fasting c-peptide, and a higher frequency of comorbidities than
people without osteoporosis. The differences were statistically
nonsignificant given the small sample size.

Our systematic search included 255 publications. After our ini-
tial review, only four publications meeting our inclusion/
exclusion criteria were included here (Supplemental Fig. S1).
The summary of all four studies® " with their key findings is
provided in Table 3. In four studies, 55 of 151 patients with mito-
chondrial disorders had diabetes. In brief, the prevalence of
osteopenia and/or osteoporosis was reported around 50%.°"
There was no significant difference noted in serum calcium or
bone turnover markers in one study.”” Another study reported
lower bone turnover markers in patients with mitochondrial dis-
ease compared with controls.® However, when adjusted for dia-
betes, bone turnover makers were not significantly different
between the two groups.® Only one study reported bone struc-
ture using high-resolution peripheral quantitative computed
tomography (HR-pQCT) and found that people with mitochon-
drial disease had a thinner cortex and lower volumetric BMD
(vBMD) at the distal radius, leading to reduced bone strength.®
In almost all studies, BMI was reported to be lower in people with
mitochondrial disease than controls without diabetes or controls
with diabetes.®'" All studies were cross-sectional, and we did
not find any prospective study in the literature reporting skeletal
outcomes in people with primary mitochondrial disease.

Discussion

In our single-center, cross-sectional study, the prevalence of a
clinical diagnosis of osteoporosis was 40%, similar to what was
reported by two previous publications.®'” This may be underre-
porting considering most people with mitochondrial disease are
not screened for osteoporosis. Osteoporosis prevalence in our
cohort may be underreported as the diagnosis of osteoporosis
was based on clinical diagnosis (ICD codes and/or DXA BMD),
and it is possible that this prevalence could be higher if all of
our patients with mitochondrial diabetes were offered DXA
BMD for osteoporosis screening. In a large survey by the Mito-
chondrial Medicine Society involving 32 physicians running
mitochondrial clinics in North America, osteoporosis screening
and skeletal health preventive measures were rarely ordered or
recommended,'? despite the fact that nearly 90% to 100% of
patients with primary mitochondrial disease have some form
of musculoskeletal complications or comorbidities.”"

Body weight has a positive effect on bone density,"™ and a
lower BMI in people with mitochondrial disease may be one of

(14)
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the major factors affecting skeletal health among these people.
Adequate nutrition and physical activity is recommended to pro-
mote a healthy weight in people with primary mitochondrial
disorders.”

Diabetes alters bone health through multiple mechanisms
such hyperglycemia-induced bone matrix accumulation of AGEs,
microvascular impairment, reduced osteoblast differentiation
due to low insulin-like growth factor 1, and reduced Wnt signal-
ing."® On the other hand, mitochondrial diseases cause mito-
chondrial dysfunction and impaired oxidative phosphorylation,
leading to increased oxidative stress. The severity of mitochon-
drial diseases correlates with the oxidative stress. Moreover,
presence of diabetes also depends on the severity of mitochon-
drial dysfunction."”” We believe that diabetes may not have a
major independent effect on skeletal health in people with pri-
mary mitochondrial diseases. The direct and secondary effects
of mitochondrial dysfunction (oxidative stress-induced osteo-
blastic dysfunction and apoptosis) may be a major factor
influencing osteoporosis rather than the presence of diabetes.
One of our patients (patient 3) had diabetes for only 1 year but
had severe manifestations of KSS. Multiple comorbidities may
have led to osteoporosis in that patient, and the direct effect of
diabetes on skeletal health may be minimal given the very short
duration of diabetes. In a study of 80 young patients with mito-
chondrial diseases, 14% had a history of fractures and the mean
age of fracture was 6.4 years."” The presence of at least one risk
factor affecting skeletal health was observed in 70% of the
cohort, and 30% had four or more risk factors for poor bone
health."? This finding suggests the severity of the primary dis-
ease in the presence of multiple comorbidities are implicated
in bone fragility in this population. In our cohort, the presence
of comorbidities such as renal impairment, stroke, low BMI, and
muscle weakness were more prevalent in patients who were
diagnosed with osteoporosis than people without osteoporosis.

Given the higher prevalence of hearing impairment, especially
among those with m.3243A > G pathogenic variants, ophthal-
mological manifestations such as ptosis, external ophthalmople-
gia, ataxia and peripheral neuropathy may all contribute to risk
of falls and hence fractures in this population. We are not aware
of any publication on fall risk and contributions of falls in frac-
tures in people with mitochondrial diseases.

Elevated lactate level is one of the common features of mito-
chondrial disorders.) Acidosis is known to promote bone loss,
and elevated lactate-induced acidosis may be one of the factors
for poor skeletal health in people with mitochondrial diseases.!'®

Regarding the treatment of osteoporosis, two of our patients
were treated with bisphosphonate and two patients were trea-
ted with anabolic agents. It is possible that fracture risk is higher
than estimated based on areal BMD (aBMD) by DXA in these
patients given multiple risk factors; current guidelines use similar
criteria for defining osteoporosis in people with mitochondrial
diseases as in the general population."” We did not find any lit-
erature on the efficacy and safety of bisphosphonate versus ana-
bolic agents in patients with mitochondrial diabetes.

Based on our own experience of managing people with mito-
chondrial diabetes and a review of the literature, we recommend
that all patients with mitochondrial diabetes should have a DXA
at their first visit as diabetes is correlated with severity of the dis-
ease. Clinicians should focus on nutritional counseling and phys-
ical activities to promote optimal weight and musculoskeletal
health. Moreover, it is important for physicians to consider mito-
chondrial diseases in patients with type 1 and type 2 diabetes
who have atypical features such as a young age of diabetes

onset, low body weight, presence of sensory neural hearing loss,
and osteoporosis or fractures at a young age.

Generalization of our research findings and discussion are lim-
ited by small sample size and retrospective study design. Diag-
nosis of osteoporosis was based on clinical diagnosis rather
than systematic DXA BMD estimation. In conclusion, the preva-
lence of osteoporosis is higher among people with mitochon-
drial diabetes. Bone fragility in people with mitochondrial
diabetes is multifactorial, including presence of diabetes, sever-
ity of disease, low BMI, and multiple comorbidities. Future
research is needed to understand skeletal effects of mitochon-
drial diseases and prevention and treatment of bone fragility.
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